v-Corpus callosotomy is valuable for controlling medically intractable generalized seizures in appropriate patients, but postoperative development of language disorders, neuropsychological impairment, and motor dysfunction have all been noted. The extent of callosum resection has been implicated as a possible determinant of outcome, but this hypothesis has not been formally tested. Analysis of the records of all patients who underwent corpus callosotomy at the University of California, San Francisco, from 1986 to 1991 showed that, of 15 patients who underwent anterior or complete callosotomy, seven were entirely or nearly seizure-free, four had at least a 50% reduction in seizure frequency, and four had no change.
D
IVISION of the corpus callosum to control generalized seizures was first performed by van Wagenen and Herren 2~ in the 1930's. Since then, the procedure has waxed and waned in popularity, but has recently gained wider acceptance. Over the past 15 years, improvements in surgical technique, seizure monitoring, and postoperative care have established corpus caliosotomy as a valuable procedure for controlling medically intractable generalized seizures in appropriate patients. A variety of criteria, such as the presence of medically refractory drop-attack seizures, Lennox-Gastaut syndrome, and generalized epileptiform discharges in both cerebral hemispheres, have been used to select patients most likely to benefit from this procedure. , 7 Conversely, the development of language disorders, neuropsychological impairment or decline, and motor dysfunction have all been noted after callosotomy, 78 ~4,J6 and neuropsychological studies have pointed out that mixed cerebral dominance or a low intelligence quotient (IQ) might be contraindications for callosotomy. 7'5"~6 The extent of caUosum resection has also been implicated as a possible determinant of outcome or morbidity, L2 but this hypothesis has not been formally tested. Therefore, we retrospectively analyzed the records of all patients who underwent corpus callosotomy for control of seizures at the University of California, San Francisco (UCSF) from 1986 to 1991, and quantified callosal size and the extent of callosotomy using computer-based planimetry. The goal of this study was to test three hypotheses that have been suggested in the literature but have never been firmly proven: 1) that the extent of callosotomy significantly influences seizure reduction; 2) that the extent of cal-losotomy significantly contributes to neuropsychological changes; and 3) that handedness, language localization, and preoperative IQ score are risk factors that should influence the extent of callosotomy and selection of patients for callosotomy. In addition, we were interested in determining whether intraoperative electroencephalographic (EEG) recording is a useful tool for determining the extent of callosotomy and predicting outcome.
Clinical Material and Methods

Patient Selection
The records of all patients who underwent corpus callosotomy at UCSF between 1986 and 1991 were retrospectively analyzed. All patients had been referred to the Northern California Comprehensive Epilepsy Center for evaluation of medically refractory generalized seizures. The evaluation included continuous EEG and video monitoring to characterize seizures, electrographic activity, and postictal behaviors. Patients with drop-attack (tonic, atonic, or akinetic) or generalized tonic-clonic seizures resulting in multiple injuries, and patients with no obvious solitary seizure focus were considered for callosotomy. Electroencephalograms showing bilateral synchronous, generalized, or secondary generalized epileptiform discharges most frequently accompanied this clinical picture. The selection criteria for callosotomy were similar to those used by other centers 12.13.17' 18 (also, A Crukiert and A Olivier, unpublished data).
Neuropsychological Evaluation
Patients underwent neuropsychological testing at UCSF before surgery to determine level of intellectual development, presence of any cognitive or motor deficits, handedness, and hemispheric dominance. These tests were repeated 3 months and 12 months after surgery to assess if any degree of language, visual, motor, or cognitive impairment or improvement resulted from callosotomy.
Performance and verbal intelligence quotients (PIQ and VIQ) were measured using the Wechsler Adult Intelligence Scale or the Wechsler Intelligence Scale for Children. Hemispheric dominance for memory and language localization was assessed with intracarotid amobarbital (Amytal) testing. Handedness was determined using the Edinburgh Handedness Scale, which grades handedness on a continuous scale from complete right-hand dominance to complete left-hand dominance. No patients were denied callosotomy because of data obtained from these tests.
Surgical Technique
The corpus callosum was approached through a Ushaped scalp flap on the cerebral hemisphere that had less speech function. A high medial craniotomy was performed and the superior saglttal sinus was exposed. The operating microscope was used to aid in separating the cerebral hemispheres until the callosum and pericallosal arteries were identified. Sectioning of the callosum began between the pericallosal arteries at the anterior genu. Blunt dissection, microsuction, and bipolar coagulation were used to section the callosum down to the septum pellucidum and then posteriorly as far back as the exposure would permit, extending well into the rostrum. The anterior commissure was spared.
In patients who had a second operation for completion of a callosotomy, a more posterior craniotomy was performed and the remainder of the callosum was sectioned until the prepineal arachnoid and vein of Galen were visible. Nitrous oxide and opiate anesthetics were used to avoid suppressing cortical electrical activity in patients with intraoperative EEG monitoring. Intraoperative EEG activity was recorded with scalp electrodes, but was not used to determine the extent of callosum sectioned.
Measurement of Corpus Callosum and Extent of Callosotomy
The size and cross-sectional area of the corpus callosum in the midline plane of preoperative sagittal magnetic resonance (MR) images were measured with a computer-based planimetry system.* The outline of the callosum was traced with a digitizing pen on a palette, which projected the tracing onto a computer monitor (Fig. 1A) . The length and cross-sectional area of the callosum were then quantified by the planimetry program by touching the digitizing pen to the computer monitor. The distance from the most anterior portion of the genu to the posterior aspect of the splenium defined the anteroposterior extent of the callosum. The total length of the callosum was measured by tracing the full extent of the body, from anterior to posterior commissure, in the midline. The cross-sectional area was calculated by the computer program as the area inside the traced outline of the callosum. The measurements were also performed on postoperative images to determine the amount of callosum resected (Fig. 1B) . We also measured the cross-sectional area of the cerebrum and the distance from the frontal pole to the occipital pole (FP-OP) to correct for volume averaging and slice angle differences between images. Linear measurements between preoperative and postoperative MR images were normalized using the formula:
CC ( between individual measurements was always less than 10%.
Defining Seizure Outcome
Patients were separated into three outcome groups based on postoperative seizure frequency. A classification scheme similar to one devised by Spencer, et al., ~8
was used so comparisons could be made with other published series. A Class 1 outcome was defined as being free of seizures or having fewer than two seizures per year of the primary type targeted by surgery. A Class 2 outcome was defined as having at least a 50% reduction in the frequency of the primary targeted seizure and a greatly reduced tendency for injury, with no increase in partial seizure frequency. A Class 3 outcome was defined as little or no change in seizure frequency or postoperative worsening of seizures.
Seizure type and frequency were evaluated before surgery with follow-up evaluations at 1 month, 6 months, and 12 months after surgery, and thereafter as needed on an individual basis. For statistical analysis, seizure outcome at the last recorded follow-up evaluation was used as a measure of final seizure outcome. This was at least 1 year after surgery in all patients.
Statistical Analysis
Data are reported as the mean ___ standard deviation. To determine whether seizure outcome was related to the extent of callosotomy, the length of callosotomy and cross-sectional area were compared between outcome groups. To determine whether the extent of callosotomy influenced neuropsychological function, changes in IQ scores were compared to the extent of callosotomy. Changes in PIQ and VIQ scores after callosotomy were evaluated for each outcome group. All three analyses were done with analysis of variance. The sample sizes within the subgroupings for handedness, cerebral dominance, age, and intraoperative EEG activity were considered too small to test their associations with outcome. Values of p less than 0.05 were considered significant.
Results
Between 1986 and 1991, 19 patients underwent corpus callosotomy at UCSF for medically refractory generalized seizure disorders. Four of these simultaneously underwent resection of focal lesions and were therefore excluded from further analysis; the remaining 15 patients underwent isolated corpus callosotomy. Patient characteristics are listed in Table 1 . There were eight men and seven women; the average age when seizures began was 6.9 _+ 6.6 years; the average age when surgery was performed was 22.3 ___ 7.1 years. Fourteen patients had the anterior one-half to two-thirds of the callosum sectioned; five underwent a second procedure to complete the callosotomy and one underwent a complete callosotomy in a single procedure.
Seizure Type and Frequency
All patients experienced more than one type of seizure and every patient experienced frequent generalized tonic-clonic, tonic, or atonic seizures. No patient had complex or simple partial seizures without also having generalized seizures. Nine patients met the diagnostic criteria for Lennox-Gastaut syndrome. No patient had Rasmussen's syndrome or infantile hemiplegia.
Magnetic Resonance Imaging Findings
Focal findings were noted on the preoperative MR images of five patients: two with a Class 1 outcome, one with a Class 2 outcome, and two with a Class 3 outcome. * MR = magnetic resonance; GTC = generalized tonic-clonic or tonic seizure; atonic = atonic, akinetic, or drop-attack seizure; CPS = complex partial seizure; SPS = simple partial seizure; VP = ventriculoperiloneal.
~" A = anterior callosotomy; C = completion of callosotomy at second operation.
Elecovencepkalograpkic Findings
An isolated focus of seizure activity was not identified in any patient before surgery. An interictal EEG pattern of bilateral, synchronous, generalized 2 to 3 cycles/see spike and wave complexes superimposed on a backCase ground of slow activity predominated in 11 patients.
No. Interictal epileptiform discharges in five patients could 1 be localized to a predominant area of the brain; only 2 one patient had bilateral independent discharges. Intra-3 operative EEG recordings were obtained in 10 patients 4 during 13 procedures. 5 6 Complications After Surgery 7 8 One patient required a second operation to evacuate 9 a subdural hematoma and remove the bone flap, which l0
was replaced prior to discharge from the hospital. A I I second patient developed osteomyelitis of the bone flap 12 13 after completion of the callosotomy, which required 14 removal and cranioplasty at a later date. There were no 15 deaths during or after the operation.
Neuropsychological Findings
The average PIQ and VIQ scores for patients who were tested before surgery were 63.7 _+ 13.6 and 63.5 + 12.2, respectively ( Table 2) . Nine patients were predominantly right-handed and five were predominantly lefthanded. Handedness was not determined in one patient. Bilateral language representation was found in nine patients. One patient did not undergo neuropsy- "~ Handedness determined via Edinburgh Handedness Scale: R100 to R51 = right hand only; R50 to RII = right-hand predominance; RI0 to LI0 = ambidextrous; Lll to L50 = left-hand predominance; L51 to LI00 = left hand only.
;t Hemispheric language localization determined by intracarotid Amytal testing: h = rt = bilateral and symmetrical language representation; It = left hemisphere only; rt = fight hemisphere only; rt > It or It > rt = not isolated to one hemisphere, but a predominance in one hemisphere; NA = data not available.
FZG. 2.
Graph showing preoperative callosal size by seizure outcome class. There were no significant differences in callosal size. AP = anteroposlerior extent~ LEN = callosal length; AREA = cross-sectional area. Seizure outcome (see text): Class 1 = excellent; Class 2 = good; Class 3 = poor, chological testing after an anterior callosotomy because of a severe behavioral disorder. Another patient, who had both an anterior callosotomy and a completion of callosotomy, was not tested after these surgeries because of scheduling difficulties; however, no obvious changes in behavior or school performance were noted by teachers, caretakers, or the patient's neurologists. Two patients fell into the high-risk category for severe postoperative neuropsychological deficits identified by Sass, et (l[.; 16 that is, dominant language cortex was located A. N. M a m e l a k , et al.
contralateral to the hemisphere in which dominant handedness was located ("mixed cerebral dominance").
Callosal Size and Extent of Callosotomy
Preoperative anteroposterior length, total length from anterior to posterior commissure, and cross-sectional area of the corpus callosum were remarkably constant across all outcome groups (Fig. 2) . The callosum measured approximately 45% of the distance from the frontal to occipital pole and approximately 6% of the crosssectional area of the midline cerebrum slice in almost every patient. The extent of anterior sectioning ranged from 39% to 69% of the total length, and 36% to 80% of the cross-sectional area of the callosum. The average extent of anterior callosotomy was 57.4% + 12.4% o f the total callosal length.
Associations With Seizure Outcome
Seizure outcome was excellent (Class 1) in six of the 14 patients who underwent an anterior callosotomy, good (Class 2) in four, and poor (Class 3) in four (Table  3) . Seizure outcome changed from Class 3 to Class 1 in one of the five patients who underwent completion of callosotomy. Callosotomy was believed by the patients themselves or their family and caretakers to significantly benefit 11 patients.
The mean age at seizure onset did not differ significantly between the three outcome groups (8.9 _+ 8. 2  25  2  4O  2  26  2  30  2  12  2  12  3  69  3  13  3  54  3  52  3  6  3 The extent of callosotomy was not associated with seizure outcome (Fig. 3) . Patients with a Class 1 or 2 outcome tended to have had less callosum sectioned than patients with a Class 3 outcome, but variation among patients was considerable.
After anterior callosotomy, changes in PIQ and VIQ scores did not differ significantly among the seizure outcome groups (Table 3 ). The average change in PIQ score was + 1.8 points for Class 1, -0.25 points for Class 2, and -0.5 points for Class 3; the average change in VIQ score was 0.4 points for Class 1, -1.5 points for Class 2, and +1.75 points for Class 3. Similarly, in four patients tested after completion of callosotomy, the PIQ scores changed an average of + 1.75 points and the VIQ scores an average of + 1 point. There were no appreciable differences among the outcome groups.
A change in the intraoperative EEG activity during sectioning predicted a Class 1 or 2 outcome in five of six cases; lack of change predicted a Class 3 outcome in six of seven cases (Table 3) . This implies that a change or a lack of change in EEG activity during callosotomy predicted outcome with a specificity of 71% and a sensitivity of 75%. A reduction in the number of spike and wave complexes and the persistence of occasional bursts of synchronous discharges were observed in all patients with good outcomes. No relationship was found between preoperative EEG patterns and outcome group.
Neuropsychological Outcome
No association was found between the extent of callosotomy and changes in IQ score. No patient experienced a change in IQ score greater than 7 points. Despite this, most patients with a Class 1 or 2 outcome (or their family members) reported that attention and behavior improved meaningfully after callosotomy. All patients who underwent a callosotomy had below average IQ's, and callosal size was invariant with respect to this measure.
A transient hemiparesis and speech hesitancy developed postoperatively in two patients. One had undergone a complete callosotomy, the other anterior sectioning. These problems resolved within 1 month of discharge. No patients who underwent completion of their callosotomies developed a disconnection syndrome. Significant neuropsychological deficits were evident only on formal testing and were not otherwise recognized by the patient or their family members, nor were they considered to have an impact on the daily life of these patients.
Discussion
This study found that when at least one-half of the corpus callosum was divided, the extent of callosotomy did not significantly influence seizure reduction. No association was found between the extent of callosotomy and seizure outcome. As a group, patients with a Class 1 outcome had slightly larger anterior callosotomies than patients with a Class 2 outcome, but those with a Class 3 outcome had the most extensive callosotomies. Completion of callosotomy improved the outcome in only one of five patients. These results suggest that division of the anterior one-half to twothirds of the callosum is nearly as effective as more extensive anterior sectioning or complete callosotomy in reducing drop-attack and generalized tonic-clonic seizures in appropriately selected patients. Nonetheless, the dramatic seizure reduction in one of our patients who had a complete callosotomy, and the procedure's relatively low morbidity rate support a role for completion of callosotomy when anterior sectioning fails to reduce seizures.
Other Studies of Anterior vs. Complete Callosotomy
Previous reports generally support the view that a complete callosotomy controls seizures more effectively than an anterior callosotomy) ~176 However, the tremendous variability in surgical technique and patient selection employed, along with the relatively small numbers of patients in these studies, make the conclusions tenuous. In a widely cited study of 22 patients, Spencer, et aL,~ 8 concluded that a complete callosotomy was twice as effective as an anterior callosotomy in controlling seizures. Most recent studies have generally contradicted this finding. Fuiks, et al., 4 found that anterior callosotomy significantly controlled seizures in 78 % of 80 patients, and that completion of callosotomy improved outcome in only five of 10 cases. Purves, et al., j3 reported similar results in their series of 24 patients, and Oguni, et al., ~2 reported that 70% of their 43 patients had a good outcome after anterior callosotomy. The distribution within our seizure outcome groups for anterior callosotomy (47% in Class 1, 27% in Class 2, and 27% in Class 3) closely matches the results that Spencer, et al., ~7 found for complete callosotomy.
Quantifying the Extent o f Callosotomy
The conflicting results obtained after anterior and complete callosotomy have led a number of authors ~z~2 to suggest that the extent of sectioning is a possible determinant of outcome. Despite this concern, very few studies have attempted to quantify the degree of resection accurately, and ours is the only series in which callosal size was actually measured rather than estimated. Oguni, et al.,~2 divided all anterior callosotomies into either one-half or two-thirds sections based on estimates from postoperative imaging studies. They found that sectioning the anterior two-thirds of the callosum controlled seizures better than sectioning the anterior one-half. Awad, et al., 2 used intraoperative skull films and preoperative MR images to estimate the linear extent of callosotomy in a few patients but, to our knowledge, they have not yet correlated their results with callosotomy outcome in a large series of patients. Crukiert and Olivier (unpublished data) devised a proportional system based on anatomical measurements from MR images to quantify the extent of callosotomy and temporal lobe resection, but have not yet reported results correlating extent of callosotomy with outcome. All of these systems estimate rather than actually measure the extent of callosotomy. Our approach is as simple as these other methods, but gives more accurate quantitative data.
Previous studies have found that the extent of callosotomy, whether measured intraoperatively 12 or postoperatively, 6'9 is frequently overestimated by the surgeon, and that the actual amount of callosum sectioned is often less than anticipated. Our results confirm these observations. Further, they suggest that large discrepancies in outcome observed between anterior and complete callosotomy in some published series may be attributable to less extensive anterior callosotomy than was assumed by the surgeon. The validity of this hypothesis will need to be tested in other series that attempt accurate quantification of the extent of callosotomy.
Neuropsychological Outcome
This study also showed that the extent of callosotomy had no impact on neuropsychological outcome. Both PIQ and VIQ scores were essentially unchanged in every patient, regardless of the extent of sectioning. Patients with low preoperative IQ's are thought by some to be at greater risk for developing neuropsychological deficits following callosotomy. 4' 16'7 This was not true in our study, which showed that callosotomy did not significantly alter the VIQ or PIQ score in any patient or outcome group. This finding has been noted by many others4.5.g, J 3,~6.17 and emphasizes that intellectual decline after callosotomy is rare.
Measures such as VIQ and PIQ have the shortcoming of being average scores based on a wide battery of tests, and therefore may tend to minimize specific deficits. In exchange, they give a better sense of overall language capacity and a better overall measure of cognitive function. More specific tests of language, such as the Boston Naming Test and the Oral Fluency Test were performed in our patient population, but they also failed to reveal any differences in language or cognitive function after callosotomy, and therefore were not included in our data analysis. Our results do not support those of Sass, eta[., j6 who reported that patients with mixed cerebral dominance were at high risk for developing language deficits after partial or complete callosotomy. Two of our patients with mixed cerebral dominance had a Class 1 outcome and no detectable neuropsychological deficits after callosotomy. Three of four patients with bilateral language representation had no detectable deficits after callosotomy. Based on these results, we believe that patients with bilateral cerebral dominance or in whom handedness and language exist in opposite hemispheres should not be excluded from consideration for at least anterior callosotomy.
We found that patterns of shared hemispheric language representation and mixed cerebral dominance were 10 times more frequent in patients undergoing callosotomy than in a comparison group of 192 patients undergoing focal resections for seizures at UCSF during the same time period. In that patient population, only 6.3% had bilateral language representation, 5.2% had right-sided language localization, and 4.2% had mixed cerebral dominance (JA Walker and KD Laxer, unpublished data). These findings show that many patients undergoing callosotomy depend on both cerebral hemispheres for cognitive and motor processes. This dependence may be attributable to the long-term effects of generalized seizures, which force the brain to rely on the functional capacity of both hemispheres to accomplish tasks that, in patients without generalized seizures, normally develop in a single dominant hemisphere. Alternatively, it may reflect the effects of early and relatively severe brain injury, which may result in the development of multiple language areas.
Using Electroencephalography to Predict Seizure Outcome
Electroencephalography was a useful tool for predicting outcome after callosotomy in our study. Alterations in the intraoperative EEG activity were associated with a good outcome in five of six cases, and lack of change was associated with poor outcome in six of seven cases. Both Gates, et at., 5 and Spencer, et al., ~ have reported findings similar to ours. Some groups currently obtain intraoperative EEG tracings to determine the extent of callosotomy 6 or to aid in the performance of selective partial callosotomies, j~ These approaches seem reasonable to the degree that a clear diminution in bisynchronous discharges can be used to determine when anterior sectioning can be stopped. Some patients may depend on the corpus callosum for the production of bisynchronous discharges while others do not. Although prognostically useful, intraoperative EEG recordings do not seem to be particularly valuable as an intraoperative guide because we found no correlation between larger callosotomies and outcome. The notable exception was in one patient in whom intraoperative EEG activity was not recorded and whose outcome changed from poor (after the anterior 60% of the callosum was sectioned) to excellent (after completion of callosotomy). Electroencephalographic guidance may have permitted a single-stage extensive anterior sectioning to be per-formed. It is possible that, in patients who showed no change in intraoperative EEG activity, an even more extensive anterior callosotomy would have resulted in EEG alterations and a better outcome.
Other Aspects of Corpus Callosotomy
Other demographic characteristics are reportedly associated with outcome after callosotomy. Some authors 4,~8 have suggested that patients whose seizures began at an earlier age have a better outcome, although no study has found this to be statistically significant. We found no correlation between seizure outcome and gender, age at seizure onset, or age at surgery. Similarly, Fuiks, et al., 4 did not find a statistically significant relationship between outcome and age at seizure onset in a group of 80 patients. Considering the large size of their series, as well as a lack of statistical correlation in all other callosotomy series, we believe that age at seizure onset should not be viewed as an important factor when selecting patients for callosotomy.
We found no association between preoperative callosal size and either seizure outcome or risk for developing neuropsychological or neurological deficits. The uniformity of callosal size demonstrated across almost all patients and outcome groups was impressive; it measured approximately 45% of the distance from the frontal to the occipital pole and approximately 6% of the cross-sectional area of the midline cerebrum slice in almost every patient. Gender, age, and seizure type were not associated with callosal size. Variations in callosal shape, such as a very thin rostrum in one patient and a more pronounced splenium in another, were noted, but we did not attempt to quantify these individual differences. Conlon and Trimble 3 have reported that, in a group of patients with generalized seizures, the midcallosal thickness was significantly greater than in normal controls. Our planimetric measuring system is well suited to quantify such variations, and future studies may show whether such variations significantly predict outcome after callosotomy.
